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Concordance cosmology with particle creation
Saulo Carneiro
Abstract A constant-rate creation of dark particles in the late-time FLRW spacetime
provides a cosmological model in accordance with precise observational tests. The
matter creation backreaction implies in this context a vacuum energy density scaling
linearly with the Hubble parameter, which is consistent with the vacuum expecta-
tion value of the QCD condensate in a low-energy expanding spacetime. Both the
cosmological constant and coincidence problems are alleviated in this scenario. We
discuss the cosmological model that arises in this context and present a joint anal-
ysis of observations of the first acoustic peak in the cosmic microwave background
(CMB) anisotropy spectrum, the Hubble diagram for supernovas of type Ia (SNIa),
the distance scale of baryonic acoustic oscillations (BAO) and the distribution of
large scale structures (LSS). We show that a good concordance is obtained, albeit
with a higher value of the present matter abundance than in the standard model.
The gravitation of vacuum fluctuations is in general a difficult problem, since
their energy density usually depends on the renormalization procedure and on an
adequate definition of the vacuum state in the curved background. In the case of
conformal fields in de Sitter spacetime, the renormalized vacuum density is Λ ≈H4
[1, 2, 3, 4], which in a low-energy universe leads to a too tiny cosmological term.
In the case we consider the vacuum energy of interacting fields, it has been sug-
gested that in a low energy, approximately de Sitter background the vacuum conden-
sate originated from the QCD phase transition leads to Λ ≈ m3H, where m ≈ 150
MeV is the energy scale of the transition [5, 6, 7, 8, 9, 10, 11]. These results are in
fact intuitive. In a de Sitter background the energy per observable degree of freedom
is given by the temperature of the horizon, E ≈ H. For a massless free field this en-
ergy is distributed in a volume 1/H3, leading to a density Λ ≈ H4, as above. For a
strongly interacting field in a low energy space-time, on the other hand, the occupied
volume is 1/m3, owing to confinement, and the expected density is Λ ≈ m3H.
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Such a late-time variation law for the vacuum term can also be derived as a back-
reaction of the creation of non-relativistic dark particles in the expanding spacetime
[12]. The Boltzmann equation for this process is
1
a3
d
dt
(
a3n
)
= Γ n, (1)
where n is the particle number density and Γ is a constant creation rate. By taking
ρm = nM, it can also be written as
ρ˙m + 3Hρm = Γ ρm, (2)
where M is the mass of the created particle.
Let us take, in addition to (2), the Friedmann equation
ρm +Λ = 3H2, (3)
with the vacuum term satisfying the equation of state pΛ = −Λ . Using (2) and (3)
we obtain the conservation equation for the total energy,
ρ˙ + 3H(ρ + p) = 0, (4)
provided we take
Λ = 2Γ H +λ0, (5)
where λ0 is a constant of integration5. Since there is no natural scale for this con-
stant, let us make it zero. Then we have Λ = 2Γ H. This is the time-variation law
predicted for the vacuum density of the QCD condensate, with Γ ≈ m3. Dividing it
by 3H2, we obtain
Γ = 3
2
(1−Ωm)H, (6)
where Ωm = 1−ΩΛ ≡ ρm/(3H2) is the relative matter density (for simplicity, we
are considering only the spatially flat case).
In the de Sitter limit (Ωm = 0), we have Γ = 3H/2, that is, the creation rate is
equal (apart from a numerical factor) to the thermal bath temperature predicted by
Gibbons and Hawking in the de Sitter spacetime [13]. It also means that the scale
of the future de Sitter horizon is determined, through Γ , by the energy scale of the
QCD phase transition, the last cosmological transition we have. For the present time
we have, from (6) (with Ωm ≈ 1/3), H0 ≈ Γ ≈ m3, and hence Λ ≈ m6, where H0 is
the current Hubble parameter. The former result is an expression of the Eddington-
Dirac large number coincidence [14]. The later - also known as Zeldovich’s relation
[15] - gives the correct order of magnitude for Λ .
The corresponding cosmological model has a simple analytical solution, which
reduces to the CDM model for early times and to a de Sitter universe for t → ∞
5 Strictly speaking, this result is only exact if we neglect the conserved baryons in the balance
equations. Since baryons represent only about 5% of the total energy content, this can be considered
a good approximation.
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[16]. It has the same free parameters of the standard model and presents good con-
cordance when tested against type Ia supernovas, baryonic acoustic oscillations, the
position of the first peak of CMB and the matter power spectrum [12, 17, 18, 19,
20, 21]. Furthermore, the coincidence problem is alleviated, because the matter den-
sity contrast is suppressed in the asymptotic future, owing to the matter production
[12, 20].
With Λ = 2Γ H we obtain, from the Friedmann equations, the solution [16, 17,
18, 19]
H
H0
≈
{[
1−Ωm0 +Ωm0(1+ z)3/2
]2
+Ωr0(1+ z)4
}1/2
, (7)
where Ωm0 is the present relative matter density, and we have added conserved radi-
ation with present density parameter Ωr0. As discussed in [17, 18, 19], for non-zero
Ωr0 the expression (7) is an approximate solution, differing only 1% from the exact
one, since Ωr0 ≈ 8× 10−5≪ 1. For Ωr0 = 0, the solution (7) is exact.
For early times we obtain H2(z) = H20 Ωr0z4, and the radiation era is indistin-
guishable from the standard one. On the other hand, for high redshifts the matter
density scales as ρm(z) = 3H20 Ω 2m0z3. The extra factor Ωm0 - as compared to the
ΛCDM model - is owing to the late-time process of matter production. In order to
have nowadays the same amount of matter, we need less matter in the past. Or, in
other words, if we have the same amount of matter in the past (say, at the time of
matter-radiation equality), this will lead to more matter today. We can also see from
(7) that, in the asymptotic limit z→−1, the solution tends to the de Sitter solution.
Note that, like the ΛCDM model, the above model has only two free parameters,
namely Ωm0 and H0. On the other hand, it can not be reduced to the ΛCDM case
except for z → −1. In this sense, it is falsifiable, that is, it may be ruled out by
observations.
The Hubble function (7) can be used to test the model against background ob-
servations like SNIa, BAO and the position of the first peak in the CMB spectrum
[17, 18, 19]. The analysis of the matter power spectrum was performed in [20],
where, for simplicity, baryons were not included and the cosmological term was not
perturbed. In a subsequent publication a gauge-invariant analysis, explicitly con-
sidering the presence of late-time non-adiabatic perturbations, has shown that the
vacuum perturbations are indeed negligible, except for scales near the horizon [21].
We show in Table I the best-fit results for Ωm0 (with H0 marginalized) with three
samples of supernovas: the SDSS and Constitution compilations calibrated with the
MLCS2k2 fitter, and the Union2 sample. For the sake of comparison, we also show
the best-fit results for the spatially flat ΛCDM model. We should have in mind that
the Union2 dataset is calibrated with the Salt2 fitter, which makes use of a fiducial
ΛCDM model for including high-z supernovas in the calibration. Therefore, that
sample is not model-independent and, in the case of the standard model, the test
should be viewed as rather a test of consistence. From the table we can see that
for the model with particle creation the concordance is quite good. For the samples
calibrated with the MLCS2k2 fitter it is actually better than in the ΛCDM case. As
antecipated above, the present matter density is higher than in the standard case.
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Table 1 2σ limits to Ωm0 (SNe+ CMB + BAO+LSS).
Λ(t)CDM ΛCDM
Test Ωm0 χ2min/ν Ωm0a χ2min/ν
Union2 (SALT2) 0.420+0.009
−0.010 1.063 0.235±0.011 1.027
SDSS (MLCS2k2) 0.450+0.014
−0.010 0.842 0.260
+0.013
−0.016 1.231
Constitution (MLCS2k2-17) 0.450+0.008
−0.014 1.057 0.270±0.013 1.384
With the concordance values of Ωm0 in hand, we can obtain the age parameter of
the Universe. It is given by [16, 17, 18, 19]
H0t0 =
2lnΩm0
3(Ωm0− 1)
. (8)
In the case of the SDSS and Constitution samples, this leads to H0t0 = 0.97, in
good agreement with standard predictions and astronomical limits. For H0 ≈ 70
Km/(s.Mpc), we have t0 ≈ 13.5 Gyr.
This work was also presented in Relativity and Gravitation: 100 years after Ein-
stein in Prague (Prague, June 2012). It is dedicated to the memory of Prof. Pedro
Fe´lix Gonza´lez-Dı´az.
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